Buccal Mucosa in Arrhythmogenic Cardiomyopathy
Most myocardial samples available from probands with ACM are formalin-fixed, paraffin-embedded tissues obtained at autopsy or by endomyocardial biopsy, which precludes studies in fresh tissue or living cells. Although studies of myocardium from family members of probands might prove useful in diagnosis and risk stratification, such samples are understandably difficult to obtain. A few studies have used cardiac myocytes differentiated from induced pluripotent stem cells obtained from ACM probands and family members, [9] [10] [11] but this approach is expensive, technically demanding, and timeconsuming. To find a surrogate tissue for the heart that can be studied in ACM probands and family members, we have investigated buccal mucosa cells which can be easily and safely obtained from large numbers of subjects at minimal cost. Here, we report that buccal mucosa cells from ACM patients exhibit many features previously documented in cardiac myocytes. Similar features are seen in buccal mucosa cells in a subset of family members who carry disease alleles but show no clinical evidence of heart disease. These results suggest that buccal mucosa cells may be a simple, inexpensive source of patient material for subsequent studies of disease mechanisms in ACM.
Methods

Patients, Family Members, Controls
We obtained buccal mucosa samples from a total of 101 subjects categorized into 4 groups. Group 1 consisted of 39 patients identified in the Johns Hopkins ARVC Registry, and in the Nikos Protonotarios Medical Center and the First Department of Cardiology of the University of Athens Medical School in Greece. All of these patients fulfilled international task force criteria for the diagnosis of ACM 12 and had a documented mutation in a desmosomal gene. The specific mutations are included in Table I in the Data Supplement. Group 2 included 40 healthy individuals with no history of heart disease who served as controls. Group 3 consisted of 15 family members (some related to patients in Group 1) who were known to carry a disease allele (see Table I in the Data Supplement) but showed no evidence of heart disease. Group 4 consisted of 7 patients with other types of heart diseases, including hypertrophic cardiomyopathy (n=4), dilated cardiomyopathy (n=2), and ischemic heart disease (n=1). All subjects provided written informed consent, and sample collection protocols were approved by appropriate institutional review boards. Standard HIPAA (Health Insurance Portability and Accountability Act) protocols were followed, and database information was stored in password-encrypted files. All buccal mucosa samples were coded and analyzed in a blinded fashion.
Buccal mucosa smears were prepared from each subject. In most cases, enough smears were prepared to allow immunostaining for multiple proteins, but in a few cases, only a limited number of smears were available. In selected cases, additional samples were obtained for preparation of buccal mucosal cell cultures.
Buccal Mucosa Sampling and Preparation of Smears
A clean cotton-tipped swab (Q-tip) was used for collection of the specimen. Material was collected from the inside of the cheek by using slight rolling and scraping motions for ≈30 s on each side. Immediately after collection, the buccal mucosa material was smeared on microscope slides, which were immediately dipped in 70% ethanol for ≈1 minute to fix the sample. The slides were allowed to air dry and stored at room temperature before being immunostained.
Buccal Mucosa Culture Protocol
The oral cavity was first rinsed thoroughly with antiseptic mouthwash. Buccal mucosa cells were collected with a sterile toothbrush which was lightly scraped on the inside of both cheeks for ≈2 minutes. The oral cavity was washed with 15 mL of sterile saline which was collected in a centrifuge tube. The toothbrush itself was washed in an additional 10 mL of saline. The same process was repeated one or more times. The resultant cell suspension was centrifuged at 3000g for 5 minutes. The pellet was washed once in sterile PBS, recentrifuged, and subsequently resuspended in 20 mL of PBS supplemented with 5% penicillin/streptomycin and 7 mmol/L fungizone for 30 minutes. The cells were then washed twice in PBS, reconstituted in KGM-CD chemically defined keratinocyte growth medium (LONZA), and seeded on matrigel-coated chamber slides, where they were maintained at 37°C in 5% CO 2 for ≤7 days. Selected cultures were incubated with SB216763 (5 mmol/L) for 24 hours before being immunostained.
Immunohistochemistry
Buccal mucosa smears were immunostained with one of the following primary antibodies using established protocols: mouse monoclonal anti-plakoglobin, mouse monoclonal anti-plakophilin-1, mouse monoclonal anti-desmoplakin, or rabbit polyclonal anti-Cx43 4, 9 Slides were then incubated with Cy3-conjugated secondary antibodies (Jackson ImmnunoResearch) for 2 hours at room temperature and counterstained with DAPI (4',6-diamidino-2-phenylindole) to label nuclei.
Buccal mucosa cultures were washed in PBS, fixed in 4% paraformaldehyde, and after being washed 3 additional times in PBS, were immunostained as described earlier with mouse monoclonal anti-plakoglobin (Sigma) or mouse monoclonal anti-Cx43 (Millipore) primary antibodies. All immunostained preparations were imaged at 40× using a ZEISS inverted confocal microscope.
Statistical Analysis
Differences between groups in the distribution of immunoreactive signals were assessed in a pairwise fashion with the Fisher exact test. Bonferroni correction was used to correct P values because of
WHAT IS KNOWN
• Analysis of myocardium has revealed mechanistic insights into arrhythmogenic cardiomyopathy but cardiac samples are difficult to obtain from probands and especially from family members.
• To identify a potential surrogate tissue, we used immunohistochemistry to characterize buccal mucosa cells from arrhythmogenic cardiomyopathy patients.
WHAT THE STUDY ADDS
• Buccal mucosa cells from arrhythmogenic cardiomyopathy patients showed changes in the distribution of cell junction proteins similar to those seen in the heart. These changes were normalized in cultured buccal mucosa cells by a small molecule shown previously to rescue the disease phenotype in experimental models.
• These results suggest that patients with arrhythmogenic cardiomyopathy also exhibit an epithelial cell phenotype.
• Buccal mucosa cells may prove useful in future studies of disease mechanisms and drug screens to identify new therapies in arrhythmogenic cardiomyopathy. multiple comparisons, as appropriate. P<0.05 was considered significant. SPSS 21.0 software was used for all analyses.
Results
Immunohistochemical Analysis of Expression of Cell-Cell Junction Proteins in Normal Buccal Mucosa Cells
Before characterizing expression of cell-cell junction proteins in buccal mucosa cells in ACM patients, we optimized immunostaining conditions in cells from normal subjects. For each primary antibody, we determined the minimal concentration (ie, maximum antibody dilution) that still led to bright immunofluorescent signal in normal cells. This essential step was designed to optimally demonstrate any potential reduction in signal intensity in ACM patient cells. Once suitable primary antibody dilutions had been determined in a pilot study of normal cells, we used these conditions throughout the study. Detailed information about primary antibody sources and antibody optimization strategies are included in Table II and Figure I in the Data Supplement.
As shown in representative images in Figure 1 , buccal smears consisted of flattened squamous cells with small central nuclei and clearly identifiable edges. The immunostaining protocol resulted in abundant fluorescent signal in normal cells for the desmosomal proteins plakoglobin, desmoplakin, and plakophilin-1 and the gap junction protein Cx43. Signal for each of these proteins was present at the cell surface and, depending on the protein being studied, was also seen within the cell. No signal was detected in buccal mucosa cells stained for plakophilin-2, the plakophilin expressed in cardiac myocytes. To determine whether the anti-plakophilin-1 antibody used in this study cross-reacted with plakophilin-2, we immunostained sections of human skin (which expresses only plakophilin-1) and sections of human and mouse myocardium (which express only plakophilin-2) with antibodies against each protein (see Table II in the Data Supplement for details about antibody sources and dilutions). As shown in Figure  II in the Data Supplement, each antibody produced bright signal only in the expected tissue and showed no evidence of cross-reactivity.
Expression of Cell-Cell Junction Proteins in Buccal Mucosa Cells From ACM Patients With Desmosomal Mutations
To determine whether changes in cell-cell junction proteins occur in buccal mucosa cells in ACM, we tested samples from patients with clinically documented ACM and a known mutation in a desmosomal gene (Group 1). This included patients with autosomal dominant mutations in PKP2 (n=25), DSG2 (n=4), DSC2 (n=2), and DSP (n=2) and 6 patients with the homozygous mutation in JUP that causes the cardiocutaneous syndrome Naxos disease 13 (total n=39). We immunostained these samples for plakoglobin and Cx43 which usually show reduced junctional signal in the hearts of patients with ACM. 4 As shown in Table and Buccal mucosa cells immunostained with antibodies against desmosomal and gap junction proteins show strong immunoreactive signals for plakoglobin, desmoplakin, plakophilin-1, and Cx43 concentrated at the edges of the cells. No apparent signal is seen for plakophilin-2, which is expressed in the heart but not in epithelial tissues. Cell nuclei (blue) are stained with DAPI (4',6-diamidino-2-phenylindole). Buccal Mucosa in Arrhythmogenic Cardiomyopathy not available in 8 patients; Table and Figure 2 ). The only case with apparently normal Cx43 staining was a Naxos disease patient in whom plakoglobin signal was depressed. Group 1 ACM patient samples were compared with 40 control samples (Group 2), including 11 from the island of Naxos where patients with the recessive mutation in JUP originated. Strong signals were seen for plakoglobin in all 40 controls and for Cx43 in 39 controls (additional smears were not available in 1 control subject; Table and Figures 1 and 2) .
We have previously reported that intercalated disc signals for other desmosomal proteins, including plakophilin-2 and desmoplakin, are reduced in the hearts of some but not all patients with ACM. 4 To determine whether signals for plakophilin and desmoplakin are altered in buccal mucosa cells from ACM patients, we immunostained samples with antibodies against plakophilin-1 and desmoplakin. As shown in Table and in representative images in Figure 2 , signal for plakophilin-1 was depressed in all ACM patients with PKP2 mutations in whom smears were available for study (n=19), but in none of the 12 ACM patients with mutations in other desmosomal genes, including autosomal dominant mutations in DSG2 (n=2), DSC2 (n=2), or DSP (n=2), and the homozygous recessive mutation in JUP (n=6). Additional smears for plakophilin-1 staining were available in 4 of 5 patients with PKP2 mutations who showed normal plakoglobin signal. In all 4 cases, signal for plakophilin-1 was virtually absent (see Table) .
Signal for desmoplakin was reduced in ACM patients with mutations in DSP (n=2), DSC2 (n=2), or DSG2 (n=2) but not in patients with mutations in PKP2 (n=19) or the homozygous mutation in JUP (n=6; Table and Figure 2 ).
Expression of Cell-Cell Junction Proteins in Buccal Mucosa Cells From ACM Mutation Carriers
Opportunities to characterize molecular pathology in myocardial samples from gene carriers with no clinical evidence of ACM are obviously limited. We were able to prepare buccal mucosa smears from 12 carriers of the recessive mutation in Naxos disease and from 3 carriers of other disease alleles, including those with dominant mutations in DSP (n=2) and DSC2 (n=1; Group 2; total n=15). None of these subjects exhibited clinical features of ACM, although some of the Naxos disease carriers had curly hair. As shown in Table and in Figure III in the Data Supplement, signal for plakoglobin was depressed in 10 of the 12 Naxos disease gene carriers and in 2 of 3 carriers of other mutations. Signal for Cx43 was reduced in 11 of the 12 Naxos carriers and in all 3 carriers of the other mutations. Signal for plakophilin-1 was normal in all of these disease gene carriers (none of whom carried mutations in PKP2). Signal for desmoplakin was reduced in carriers of DSC2 (n=1) and DSP mutations (n=2) but not in the Naxos disease carriers (n=12). 
Table. Summary of Immunohistochemical Findings in Buccal Mucosa Smears in 4 Groups of Subjects
Clinical Correlations With Staining Patterns in ACM Probands and Family Members
All 5 of the ACM patients in Group 1 whose buccal mucosa cells showed apparently normal plakoglobin signal had mutations in PKP2. Three of these patients came to medical attention because the disease had been diagnosed in a family member. Two had mild disease with ventricular ectopy and ECG abnormalities, but no sustained arrhythmias or evidence of structural remodeling. They fulfilled criteria for the diagnosis of ACM mainly on the basis of family history/mutation status. The third patient also came to medical attention because ACM had been diagnosed in her brother. This subject showed ectopy and had an abnormal 12-lead ECG and signal-averaged ECG but otherwise showed no structural abnormalities and was largely asymptomatic until experiencing an episode of VT storm, 12 years after the diagnosis of ACM was made. The other 2 ACM patients with PKP2 mutations and normal plakoglobin signal in buccal mucosa cells were Greek individuals both of whom showed marked disease with sustained arrhythmias and right ventricular remodeling. Twelve of 15 family members (Group 3) showed reduced plakoglobin signal. Two family members with apparently normal signal levels were heterozygous for the recessive mutation in JUP that causes Naxos disease. One of these carriers came from a family in which affected individuals exhibited a mild form of the cardiomyopathy with minimal arrhythmias and no heart failure phenotype even in older individuals. The other carrier of the Naxos disease mutation whose buccal mucosa cells appeared normal had straight hair and no evidence of heart disease, whereas 3 other carriers in the same family (all of whom showed reduced plakoglobin signal) had curly hair but no evidence of heart disease. The third family member with normal plakoglobin and Cx43 signal in buccal mucosa cells was a 14-year-old carrier of a disease allele in DSP who showed no evidence of disease.
Expression of Cell-Cell Junction Proteins in Buccal Mucosa Cells From Patients With Other Heart Diseases
We have previously reported that plakoglobin signal at intercalated discs is normal in patients with ischemic heart disease or dilated or hypertrophic cardiomyopathies. 4 This indicates that among this disease spectrum, redistribution of plakoglobin seems to be specific for ACM. By contrast, reduced signal for Cx43 at intercalated discs occurs in various forms of heart disease, including both ischemic and nonischemic cardiomyopathies. Here, we stained buccal mucosa smears from patients with hypertrophic cardiomyopathy (n=4), dilated cardiomyopathy (n=2), and ischemic heart disease (n=1; Group 4). As shown in Table, signal for plakoglobin was normal in all of these patients, whereas Cx43 signal was depressed in all cases.
Studies in Cultured Buccal Mucosa Cells
We obtained sufficient material from 6 ACM patients and 2 gene carriers to establish buccal mucosa cell cultures. Cultured cells from all patients and unaffected gene carriers showed loss of junctional signal for plakoglobin and Cx43, whereas plakoglobin signal accumulated in cell nuclei. In both patients and gene carriers, incubation of cultured cells with SB216763 for 24 hours normalized plakoglobin and Cx43 signal distributions. Representative images are shown in Figure 3 .
Discussion
Exfoliated buccal mucosa cells have been used as a source of material for various genetic tests and in studies of oral neoplasia, 14 but their use in studies of cardiovascular disease has been limited. Previous applications have included analysis of telomere length in buccal cells from patients with ischemic heart failure, 15 and measurements of intracellular magnesium levels in patients undergoing radiofrequency catheter ablation for atrial fibrillation. 16 To the best of our knowledge, the present study is the first analysis of buccal mucosa cells in patients with cardiomyopathy. Similarly, although gap junctions and desmosomes have been documented in buccal mucosa cells, 14, 17 most previous studies have centered largely on expression of cell-cell junction proteins in oral cancers or in response to carcinogenic agents, such as cigarette smoke. 14, 17, 18 The results of the present study suggest a close relationship between patterns of altered distribution of intercalated disc proteins in cardiac myocytes and cell-cell junction proteins in buccal mucosa cells in patients with ACM. Previous studies have reported that a majority of patients with ACM, but not other cardiomyopathies, show reduced plakoglobin signal at cardiac myocyte intercalated discs. [4] [5] [6] 8 Here, we saw a similar reduction in junctional signal for plakoglobin in buccal mucosa cells in 34 of 39 ACM patients but in none of 40 controls or 7 patients with other forms of heart disease.
Five ACM patients with mutations in PKP2 showed normal plakoglobin signal, of which 3 had relatively mild disease.
Four of the ACM patients whose buccal mucosa cells were analyzed in the present study had previous endomyocardial biopsies, which had been analyzed by immunostaining and reported in a study in 2009. 4 Three showed depressed plakoglobin signal in both their heart tissue and buccal mucosa. The remaining patient showed apparently normal signal in the heart in 2009 but depressed signal in buccal mucosa cells in the present study. This individual has a mutation in PKP2. He was diagnosed after the sudden death of his teenage daughter and has exhibited clear evidence of ACM since before 2009.
An unexpected aspect of the present study is the apparently strong link between reduced cell surface signal for specific desmosomal proteins in buccal mucosa cells and the mutant gene of interest. For example, reduced intercalated disc signal for plakophilin-2 occurs in the hearts of only some ACM patients, 4 and there has been no previous association between loss of plakophilin-2 signal and the presence of a disease-causing mutation in PKP2. By contrast, every patient in the present study with a PKP2 mutation showed loss of plakophilin-1 signal in their buccal mucosa cells (including the 5 patients in whom plakoglobin signal was normal), whereas none of the ACM patients with mutations in other genes showed a similar loss. This association is even more remarkable when one considers that plakophilin-1 and plakophilin-2 are encoded by separate genes on separate chromosomes. 19, 20 Plakophilin-2 is expressed in the heart and in basal cells of the epidermis but not in keratinocytes or buccal mucosa cells. 19, 20 Whether progenitors of buccal mucosa cells express plakophilin-2 is not known, but our results implicate common regulatory mechanisms. We also observed loss of buccal cell desmoplakin signal Figure 3 . Representative images of cultured buccal mucosa cells obtained from a control subject, an arrhythmogenic cardiomyopathy (ACM) patient, and a clinically unaffected carrier of a PKP2 mutation, before (A) and after (B) exposure to SB216763. Cultured cells from both the patient and carrier showed loss of junctional signal for plakoglobin, accumulation of nuclear plakoglobin, and loss of junctional Cx43. Incubation with SB216763 for 24 hours normalized plakoglobin and Cx43 signal distributions. Cell nuclei (blue) are stained with DAPI (4',6-diamidino-2-phenylindole). Buccal Mucosa in Arrhythmogenic Cardiomyopathy only in patients with mutations in DSP, DSC2, or DSG2 but not with the more common mutations in PKP2 or in patients with the highly penetrant cardiomyopathy caused by the recessive JUP mutation in Naxos disease. A similar association has not been reported previously in studies of myocardium in ACM patients. Desmoplakin interacts extensively with the cytoplasmic domains of the desmosomal cadherins (desmocollins and desmogleins), 21 and our results suggest that mutations in any of their genes have the potential to disrupt normal localization of desmoplakin in buccal mucosa cells. Future studies will be required to define mechanisms responsible for these observations and to determine whether immunohistochemical analysis of buccal mucosa cells will be useful as a diagnostic test for ACM and whether it can predict mutational status.
Because of the relative ease of preparing buccal smears, we were able to analyze changes in distribution of cell-cell junction proteins in family members who carried ACM disease alleles but showed no clinical evidence of heart disease (albeit in buccal mucosa cells rather than in the heart). In most cases, signals for plakoglobin and Cx43 were reduced. The few carriers who showed normal signals apparently belonged to families with milder disease expression. The implications of these changes are unclear, but they suggest that redistribution of junctional proteins does not necessarily correlate with clinical expression of disease. Whether such changes in family members might predict future development of disease or whether the absence of such changes in gene carriers predicts less virulent disease in affected probands remains unknown. We could only study a relatively small number of family members and did not undertake a detailed analysis of multiple members of well characterized pedigrees. However, in view of the ease of obtaining buccal mucosa samples, future studies may better define the potential diagnostic and risk-stratification value of analyzing buccal smears in affected families.
The fact that buccal mucosa cells can be maintained in culture provides an opportunity to conduct studies in living cells. Here, we showed that the glycogen synthase kinase-3β inhibitor SB216763 can restore apparently normal cell surface signal for plakoglobin and Cx43 in cells from ACM, as previously shown in cultured neonatal rat ventricular myocytes transfected to express ACM mutations. 8 This suggests that similar disease mechanisms occur in cardiac myocytes and buccal mucosa cells, at least with respect to the distribution of junctional proteins. Interestingly, loss of junctional plakoglobin signal in cultured buccal mucosa cells from ACM patients and gene carriers was accompanied by nuclear accumulation of plakoglobin. Previous studies in mouse models of ACM have reported nuclear accumulation of plakoglobin which has been implicated in aberrant Wnt/β-catenin signaling. 7 Nuclear plakoglobin in ACM patient myocardium has not been reported, although this may be related to technical (eg, tissue fixation) rather than biological factors. Cultured buccal mucosa cells from probands and gene carriers may be useful in future studies to characterize alterations in signaling mechanisms in ACM and in drug screens to evaluate potential therapies in patient-specific cells.
Of course, it must be emphasized that buccal mucosa cells are not cardiac myocytes and, at best, can only be considered surrogates. Whether they may be useful clinically for diagnosis or risk-stratification will require much more extensive, prospective studies. And, the extent to which they may reveal insights into disease mechanisms in the heart remains to be further defined. Nevertheless, we show here that buccal mucosa cells from patients with ACM have a molecular phenotype that is remarkably similar to that seen in the heart. Similar features of this phenotype are seen in family members. These observations, therefore, raise the possibility that buccal mucosa cells may be a useful source of patient material to gain insights into disease mechanisms and better understand potential genetic, epigenetic, and environmental factors that determine genotype-phenotype relationships. These and other questions will be topics of future research.
